Studies of language representation in development have shown a bilateral distributed pattern of activation that becomes increasingly left-lateralized and focal from young childhood to adulthood. However, the level by which canonical and extra-canonical regions, including subcortical and cerebellar regions, contribute to language during development has not been well-characterized. In this study, we employed fMRI connectivity analyses (fcMRI) to characterize the distributed network supporting expressive language in a group of young children (age 4-6) and adolescents (age 16-18). We conducted an fcMRI analysis using seed-to-voxel and seed-to-ROI (region of interest) strategies to investigate interactions of left pars triangularis with other brain areas. The analyses showed significant interhemispheric connectivity in young children, with a minimal connectivity of the left pars triangularis to subcortical and cerebellar regions. In contrast, adolescents showed significant connectivity between the left IFG seed and left perisylvian cortex, left caudate and putamen, and regions of the right cerebellum. Importantly, fcMRI analyses indicated significant differences between groups at 3 anatomical clusters, including left IFG, left supramarginal gyrus, and right cerebellar crura, suggesting a role in the functional development of language.
| IN TR ODUC TION
The left perisylvian cortex, including canonical Broca's and Wernicke's areas, is known to support gross language processes in healthy adults (Binder et al., 1997; Friederici, 2011 Friederici, , 2012 Gabrieli, Poldrack, & Desmond, 1998; Hirata et al., 2004; Kadis et al., 2011; Lohmann et al., 2010; Pei et al., 2011; Price, 2000 Price, , 2012 Purves et al., 2004; Toga and Thompson, 2003; Turken and Dronkers, 2011) . However, participation of right perisylvian cortex and subcortical and cerebellar regions in language have also been documented (Berl et al., 2014; Booth, Wood, Lu, Houk, & Bitan, 2007; Desmond, Gabrieli, & Glover, 1998; Ferstl, Neumann, Bogler, & Von Cramon, 2008; Frings et al., 2006; Gabrieli et al., 1998; Houk et al., 2007; Kellett, Kellett, Stevenson, & Gernsbacher, 2012; Middleton and Strick, 2000; Muller and Meyer, 2014; Murdoch, 2010; Schmahmann, 1997; Stoodley, Valera, & Schmahmann, 2012; Stoodley and Schmahmann, 2009; Verly et al., 2014) . In particular, seminal anatomical and behavioral studies have shown nonmotor contributions of the (right) cerebellum in a range of cognitive processes, including language (Leiner, Leiner, & Dow, 1991; Petersen, Fox, Snyder, & Raichle, 1990; Raichle et al., 1994; Schmahmann, 1997; see Price, 2012, for review) . While the left cerebellar and a medial cerebellar regions reflect motor-related processes, the right cerebellum is believed to be involved in modulation of cognitive nonmotor functioning (Booth et al., 2007; Keren-Happuch, Annabel, Ho, & Desmond, 2014; Murdoch, 2010; Shulman et al., 1997) . However, the level of participation of subcortical and cerebellar regions in normal language development has not been well-characterized.
Previous neuroimaging studies of language representation in development have shown a bilateral distributed pattern of activation that typically becomes more left-lateralized and focal from early childhood to adulthood Kadis et al., 2011) . Sophisticated analytic strategies such as functional/effective connectivity have supported this developmental pattern (Bitan et al., 2006; Kadis, Dimitrijevic, Toro-Serey, Smith, & Holland, 2016; Xiao, Friederici, Margulies, & Brauer, 2016; Youssofzadeh, Williamson, & Kadis, 2017; Yu et al., 2014) . For example, in a resting-state functional magnetic resonance Hum Brain Mapp. 2018;1-11.
wileyonlinelibrary.com/journal/hbm imaging connectivity (fcMRI) analysis, intrahemispheric correlations were found in left perisylvian regions in adolescents. In contrast, interhemispheric correlations between left and right IFG were predominant in children (Xiao et al., 2016) . Similarly, an MEG connectivity study of verb generation in children demonstrated bilateral patterns of connectivity, together with a network whose suprathreshold directed connections increased in canonical Broca's area, with age .
However, these studies have focused primarily on perisylvian regions, with little examination of the role of subcortical and cerebellar connectivity. Recently, we compared whole brain MEG connectivity of 4-6-years-old children and 16-18-years-old adolescents during a verb generation task (Youssofzadeh et al., 2017) . In children, there were contributions by bilateral (with stronger effects on the right side) cortical language regions, whereas the pattern was left-focal in the cortex in adolescents, and subcortical and (right) cerebellar regions were also engaged. Findings suggested that extracortical regions may change in their role in language processing across development. A functional connectivity approach is an effective way to reveal a broader network supporting language processing, developmental changes, and brain maturation.
In this work, by means of a task-based fcMRI analysis, we investigated patterns of whole-brain connectivity in typically developing young children and adolescents participating in verb generation. We used seed-to-voxel and seed-to-ROI (region of interest) fcMRI strategies. The two analyses complement one another; the seed-to-voxel analysis is more exploratory as it examines the whole brain, whereas seed-to-ROI analyses typically lead to a better sensitivity, and hence, more appropriate for hypothesis testing. Using the two fcMRI strategies, we demonstrate the importance of interactions between the cerebral cortex and subcortical regions, and the cerebellum in language production abilities of typically developing children.
| M A TE RI A L A ND M E TH ODS
2.1 | Participants and experiment design fMRI scans were acquired in two groups of participants: 10 children (5 females, aged 4-6, mean 6 standard deviation: 5.6 6 0.99) and 13 adolescents (7 females, aged 16-18, 17.18 6 0.79). All participants were native English speakers without a history of neurological insult, speech or language disorder, or learning disability. Participants were all right-handed as determined by Edinburgh Handedness Inventory (EHI), and a threshold of EHI 48 (Oldfield, 1971) . Written informed consent and assent were obtained for participation; the study was approved by the Institutional Review Board at Cincinnati Children's Hospital Medical Center. Participants received compensation for travel and participation.
The fMRI task consisted of 6 verb and 6 control blocks, each containing 10 stimuli (35 seconds per block). During verb blocks, participants were instructed to rapidly think of an action word that corresponded to the aurally presented nouns (names of everyday items familiar to children aged 5 years and older, e.g., book, dog, pencil). This task involves comprehension, semantic access (of the noun and associated verb), and language production (covert verb generation).
During control blocks, participants passively listened to a speechshaped noise (contoured noise matched for spectral content and amplitude envelope to the noun stimuli used for verb generation), without responding. Development of the stimulus set, including the speechshaped noise items, has been described previously Youssofzadeh et al., 2017) . Prior to the recording, participants were trained on an overt version of the task to establish sufficient ability and promote compliance during subsequent acquisition. They had to answer a minimum of 8 of 10 noun challenges correctly, prior to scanning.
| Data acquisition
Magnetic resonance imaging was conducted on at 3 T (Philips Achieva, We focused on connectivity due to verb generation condition only (rather than comparing to the speech-shaped noise), to examine the full language processing network, including those regions engaged for processing auditory input, rather than isolating the lexical-semantic component through a contrast. To quantify the connections, Pearson's bivariate correlation coefficients were calculated between mean timeseries within a seed and the timeseries of all other voxels (for seed-tovoxel analysis) and ROIs (for seed-to-ROI analysis). Correlation coefficients were converted to normally distributed scores using Fisher's transform prior to second-level analysis. The transform improves the normality of the data, making subsequent statistics more robust (Whitfield- Gabrieli and Nieto-Castanon, 2012) . A second-level analysis was performed using two seed-to-voxel and seed-to-ROI analytic strategies to make inferences about group differences.
An atlas with 132 anatomical regions was used to summarize functional connectivity of the ROIs. The parcellation results from a combination of two atlases: Harvard-Oxford cortical and subcortical structures adopted from FSL software tool (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012) , and cerebellar regions from the AAL atlas (Smith et al., 2004; Tzourio-Mazoyer et al., 2002) . For group seedto-voxel fcMRI analysis, we employed parametric statistics; a combination of height (voxel-level) threshold of p < .001, uncorrected, and extent (cluster-level) threshold of cluster size p-FDR < .05 (Friston, Worsley, Frackowiak, Mazziotta, & Evans, 1994) . For group seed-to-ROI fcMRI analysis, connections (by intensity) were thresholded with a p-FDR < .05. A two-sided t test was utilized to investigate betweengroup connectivity effects.
| Effect size: A seed-to-voxel fcMRI of combined groups
A seed-to-voxel fcMRI analysis of combined groups (23 datasets) was employed to look for between-group connectivity differences, that is, "effect size," and to make inferences about functional development. To quantify the effect size, Cohen's d was calculated as the difference between two means of connectivity cluster values divided by pooled standard deviation (Cohen, 1988) .
To assure stability in functional connectivity due to imbalanced data, we conducted the same analysis using balanced data with 20 datasets (10 children 1 10/13 randomly selected adolescents) and reported the average of the effect size measures. 
| Seed (left pars triangularis)-to-voxel fcMRI
Using a source seed selected at left pars triangularis (MNI: 250, 26, 2, the centroid of the seed region from an atlas), group seed-to-voxel fcMRI analysis revealed 6 significant connectivity clusters in children and 7 in adolescents. Connectivity maps are displayed in Figure 2a ,b. Expectedly, in both groups, greatest connectivity to the seed location was observed in a cluster containing other regions of left IFG, including pars opercularis, canonical Broca's area. Specifically, greatest suprathreshold connections in children (t 5 18.55, p < .001, corrected) were a cluster containing IFG pars opercularis, middle frontal gyrus (FG), middle temporal gyrus (TG), and inferior TG. Similarly, greatest suprathreshold cluster connections in adolescents (t 5 19.08, p < .001, corrected) were a cluster containing IFG pars opercularis, middle FG, temporal pole, frontal pole, and superior FG.
Statistical details of the clusters are summarized in Table 1 . with 825 voxels) in adolescents, whereas no significant connectivity was observed in young children.
| Seed (IFG.tri)-to-ROI fcMRI
Group IFG.tri-to-ROI fcMRI suggested bilateral (interhemispheric) connections between left and right IFG regions in children (Figure 3a) . The same analysis for adolescents suggested an intrahemispheric pattern of connectivity with significant effects at the orbitofrontal cortex, IFG pars opercularis, middle frontal gyrus and superior frontal gyrus, and right cerebellar regions, and lobules Crus 1 and 2 (Figure 3b ; see also Table 2 for statistical details).
In addition to within-group effects, we investigated betweengroup differences. A contrast of children > adolescents showed Table 3 .
| Effect size: A seed-to-voxel fcMRI of combined groups
Effect size representing correlation coefficients (or beta coefficients) associated with the task in 2 groups of participants was examined and quantified by Cohen's d for each connectivity cluster. A seed-to-voxel fcMRI analysis of all participants using a seed within left pars triangularis revealed 6 clusters of connections (Figure 4a) . However, only 3 clusters showed significant (p < .01)
increased connectivity in adolescents with respect to children, and considerable effect size effects (Figure 4b,c) . In the order of Table 4 .
| D ISC USSION
By means of fcMRI analysis, we set out to investigate developmental changes in verb generation whole-brain connectivity patterns in young children and adolescents. Findings suggest predominately interhemispheric connectivity pattern in young children, and a strong left lateralized connectivity pattern with prominent contributions by subcortical and cerebellar regions in adolescents. Specifically, significant betweengroup effects were found in unique connectivity clusters in left IFG, supramarginal gyrus (SMG), and right cerebellum regions, implying their role in functional development in regulating language production. 
| 7
Second-level fcMRI analyses suggested significant interhemispheric (bilateral) connectivity in the youngest children (Figures 2 and 3 ), in agreement with previous fcMEG studies ( Kadis et al., 2016; Youssofzadeh et al., 2017) . Other verb generation studies on children have reported activations of the frontotemporal network, with increased lateralization and engagement beyond the canonical language network in older children (Berl et al., 2014; Holland et al., 2007; Kadis et al., 2011; Karunanayaka et al., 2007) . In contrast, the second-level connectivity analysis for adolescents yielded an expected pattern of connections at left perisylvian cortex in canonical language sites. This pattern of localization has been reported in previous expressive language studies on similar age groups (Doesburg, Vinette, Cheung, & Pang, 2012; Kadis, Smith, Lou, Mills, & Pang, 2008; Kadis et al., 2011; Pang, Wang, Malone, Kadis, & Donner, 2011) . Connectivity from left IFG to other lefthemisphere regions differed significantly between adolescents and children ( Figure 4) . This is consistent with other studies showing increases of functional lateralization from childhood to adulthood (Berl et al., 2014; Chiron et al., 1997; Holland et al., 2007; Kadis et al., 2011; Lebel and Beaulieu, 2009; Szaflarski et al., 2006 Szaflarski et al., , 2012 Xiao et al., 2016) .
Findings for adolescents suggested strong contributions by two other cortical regions SFG and MFG in frontal cortex and SMG in parietal cortex (Figure 2b,d) . Involvement of SFG/MFG cortical regions has been reported in adolescents during semantic processing, for example, overt generation (say) versus overt repetition (repeat) (Wang, Holland, & Vannest, 2012) . Other studies have reported involvements of the SFG/MFG regions during receptive and semantic processing (Binder and Desai, 2011; Gabrieli et al., 1998; Price, Wise, & Frackowiak, 1996) . The SMG activations have been observed during phonetic processing in young adults (Gow, Segawa, Ahlfors, & Lin, 2008; Stoodley et al., 2012) . We believe, because adolescents have larger vocabularies and more extensive word knowledge, they are likely to engage a more extended semantic network than young children. Adolescents may be considering multiple candidate verbs, leading to the greater engagement of the frontal and parietal regions.
The fcMRI analysis revealed contributions by subcortical basal ganglia nuclei, for example, caudate and putamen, in both children and adolescents (Table 1 ). The importance of subcortical left basal ganglia and right cerebellar regions for normal brain function has been noted in previous language studies (Barbas, García-Cabezas, & Zikopoulos, 2013; Booth et al., 2007; Mestres-Miss� e, C� amara, Rodriguez-Fornells, Rotte, & M€ unte, 2008; Tettamanti et al., 2005 , for review, see Murdoch, 2010 . The left caudate and putamen showed increased activation during phonological processing (Tettamanti et al., 2005) . The left putamen and bilateral caudate nuclei were activated while encoding the meaning of novel words in adults (Mestres-Miss� e et al., 2008 ). An fMRI dynamic causal modelling (DCM) study demonstrated a pivotal role for the left putamen during reading aloud familiar words in skilled readers (Seghier and Price, 2010) . In addition, in a rhyming judgment task in adults using the DCM approach, unidirectional connections were found from the left putamen to two cortical left IFG and left temporal regions, although, connections from the right cerebellum to similar cortical regions were stronger and reciprocal (Booth et al., 2007) . It was hypothesized that subcortical (left putamen) regions mainly engage in cortical initiation of phonological representations whereas the (right) cerebellar regions facilitate processing complex processes, for example, semantic relationships between words. The hypothesis of greater involvement of cerebellar regions in semantic processes might be better linked to our developmental findings where connectivity in right cerebellar crura (cluster 6 in Figure 4c ) was found to be greater in adolescents (who have better word knowledge) than the children. In Coordinates are reported as the centroids of ROIs, derived from an atlas with 132 anatomical regions.
contrast, connections in subcortical regions did not show significant differences between the two groups (cluster 5 in Figure 4c ).
Adolescents showed a pattern of fMRI connectivity between left prefrontal and right cerebellar regions that were not present in young children, suggesting an emergent functional link between the two regions ( Figure 2c,d) . Previous expressive language studies have reported co-activation of the cerebellum with the prefrontal cortex in healthy adults (Booth et al., 2007; Gabrieli et al., 1998; Gebhart, Petersen, & Thach, 2002; Imaizumi et al., 1997; Raichle et al., 1994; Seger, Desmond, Glover, & Gabrieli, 2000; Stoodley et al., 2012) . Specifically, our fcMRI findings show increased the involvement of Crus I and II of the right cerebellum in adolescents during verb generation.
Two recent meta-analyses documented significant engagement of the cerebellar crura in connection with expressive language tasks (KerenHappuch et al., 2014; Stoodley and Schmahmann, 2009 ). In addition, in a recent verb generation language study using conventional GLM analysis, predominant activation of right-hemisphere cerebellar lobules was evident (Stoodley et al., 2012) . All these support the fcMRI network localizations that suggest interactive links between left-frontal and right cerebellar regions.
Classic neuroimaging studies have reported coactivations of leftfrontal and right cerebellar regions during semantic search tasks, for example, a verbal selection task (saying an appropriate verb for a visually presented noun) Raichle et al., 1994, when adult participants performed a complex task (choosing an appropriate verb within a large mental lexicon) than a simple task (responding "yes" or "no" to a simple conceptual decision task) , or responses to unusual verbs (that demand more semantic processing) versus repeated verbs (Seger et al., 2000) . Alternatively, the cerebellum has been suggested to contribute to the automatization of linguistic processes via adaptive prediction (Sokolov, Miall, & Ivry, 2017) .
Because adolescents have a greater degree of experience with semantic relationships between words than children do, they may be able to more automatically generate a related verb for each noun via this predictive mechanism that engages the cerebellum, rather than completing a full semantic analysis of the noun as a means of generating a related verb.
Between-group (effect size) comparisons suggested significant changes in 3 cluster communities of left prefrontal and supramarginal cortices, and right cerebellum (Figure 4) . The interactions between the cerebellar, prefrontal, and parietal association cortices have been reported in previous language studies (Clower, Dum, & Strick, 2005;  Fiez, Raichle, Balota, Tallal, & Petersen, 1996; Schlosser et al., 1998; Seger et al., 2000; de Zubicaray et al., 1998) . Those findings are in agreement with Ito's (2008) hypothesis of internal model control of the mental activity. The theory posits that development and refinement of both motor and mental operations are controlled by a large-scale network comprising 3 key regions of prefrontal, temporal-parietal cortices, and the cerebellum. The prefrontal cortex has a role in conscious control (executive function), the temporoparietal cortex encodes relationships among concepts (noun-verb relationships), and the cerebellum interacts with cerebral regions to "regulate" the process. This theory is also consistent with cerebellar involvement in adaptive prediction, as mentioned above (Sokolov et al., 2017) . As a limitation, effect-size measures representing differences in connectivity between two groups within each cluster were estimated using limited sample size, which might affect the reliability of the findings (Lakens and Evers, 2014) . We hope the future studies can replicate these findings using larger samples. Beeman et al. (1994) suggested both left and right cerebral hemispheres process semantic information, at different levels. The left hemisphere is biased toward processing proximal associates, whereas the right hemisphere is linked to distal associates, that is, necessary for creative thought, abstraction, or complex problem-solving. Hence, we hypothesize that the increased connectivity in left prefrontal cortical regions in adolescents reflects the development of this specialization, and in addition, cerebro-cerebellar interactions discussed above may increase with the maturation of language function. The importance of emergent connectivity between the cerebral cortex and cerebellum should be further investigated in future developmental studies of typically developing children.
